cultural values while providing significant economic benefits to societies Moberg and Folke, 1999) . Scleractinian hermatypic corals are the engineers of reef ecosystems, shaping the environment and resource availability for an abundant diversity of reef organisms (Jones et al., 1994) . The complex calcium carbonate skeletal structures deposited in the form of aragonite crystals by the hermatypic corals provide habitat and shelter for reef associated fish and invertebrates (Wild et al., 2011) , and through various processes, both organic and inorganic substances from the coral skeletons and tissues are released into the water column as nutrient sources for planktivores and microorganisms to consume (Wild et al., 2004) .
Globally, coral reefs are under pressure, with recent assessments consistently documenting worrying declines in habitat structure (Graham et al., 2015) . Recent recurring global bleaching events have been associated with rising sea surface temperatures driven by global warming, and is a major threat to reefs globally (Hughes et al., 2017b) . The 2016 bleaching event on the Great Barrier Reef (GBR) for example resulted in extensive mortality of corals situated in the pristine northern region of the reef and this was compounded by an unprecedented repeat bleaching event in 2017 (Great Barrier Reef Marine Park Authority, 2017) , which may further drive changes in coral assemblages, abundances and regional shifts away from coral dominated ecosystems (Hughes et al., 2007; 2017a) . A multitude of other environmental pressures including declining water quality, overfishing and excessive coastal development at areas adjacent to reef ecosystems are having cumulative effects contributing to the observed declines in reef health (Ban et al., 2014; Cinner et al., 2016; Harborne et al., 2017; Uthicke et al., 2016) . These external forces, which create a stress on the ecosystem, are also central in driving disease outbreaks ( Fig. 1 ) which have been documented in some areas to further accentuate coral loss and shifts in habitat structure (Bruno et al., 2007; Ruiz-Moreno et al., 2012) . For example, white band disease (WBD) outbreaks throughout the Caribbean in the 1980s and 1990s resulted in 80% reduction in average hard coral cover over three decades, which was unprecedented on geological time scales (Aronson and Precht, 2001; Gardner et al., 2003) . A mass die-off of the sea urchin Diadema antillarum population during this period was also linked to the coral disease outbreaks through reduced herbivory allowing increased macroalgae growth, although feedbacks potentially accelerating the mass mortality of Acropora palmata and A. cervicornis remained unknown (Aronson and Precht, 2001; Carpenter, 1990 ; Lessios et al., 1984; Weil, 2004) . Recently, Randall and van Woesik (2015) suggested that climate change associated thermal stresses had strong ties with WBD outbreaks, which could have been the major environmental factor contributing to regional declines of the two dominant acroporid species.
Globally disease epizootics are predicted to increase due to rapidly changing climate regimes (Harvell et al., 2002; Traill et al., 2009) . In marine systems, this scenario has manifested in increased reports of diseases affecting marine organisms including benthic reefbuilding corals (Burge et al., 2014; Sutherland et al., 2004) . Whether these disease outbreak reports are driven directly by the changing climate factors or an increased awareness through active monitoring programs, is uncertain (Harvell et al., 1999) . However, as climate driven extremes increase, combined with cumulative anthropogenic pressures on reefs, higher prevalence of disease outbreaks are expected (Ruiz-Moreno et al., 2012) . For example, one year following the 2002 mass bleaching event on the GBR, the incidence of white syndromes (WSs) increased 30 fold (Willis et al., 2004) . Modelling has also predicted that thermal anomalies are linked to increased disease outbreaks (Caldwell et al., 2016; Maynard et al., 2011) and it will be interesting to test if current projections from the latest thermal stress events on the GBR will similarly result in disease outbreaks. Recent surveys suggest that this maybe the case with accumulating reports of disease outbreaks similar to the situation observed in the period (AIMS Long-term Reef Monitoring Program, 2017 . Teasing apart the drivers of coral disease outbreaks is challenging and often linked to interacting effects of shifting environmental regimes, reduced host resilience, destabilized homeostasis within the coral holobiont and/or promoting microbial pathogenesis (Burge et al., 2014; Caldwell et al., 2016) . This review therefore summarizes the current state in knowledge of microbial induced coral diseases, and outlines strategies to further disentangle disease causations, which would contribute to developing effective mitigation strategies of disease outbreaks. Such knowledge is also vital for building resilience into coral populations, as research efforts shift towards recovery-and restoration-based approaches such as coral propagation and assisted evolution (Aitken and Whitlock, 2013; Miller et al., 2014; Montoya-Maya et al., 2016; Rinkevich, 2017; van Oppen et al., 2017) .
The coral-microbial landscape
A coral colony is comprised of complex interactions between the host animal, the endosymbiotic dinoflagellate algae of the genus Symbiodinium, and an array of other microorganisms including Bacteria, Archaea, Fungi, ciliates and viruses (Bourne et al., 2016b; Fig. 2) . This relationship as a whole is referred to as the holobiont (Rohwer et al., 2002) , and its dynamics are crucial for the health and survival of the host coral (Bourne et al., 2016b) . A growing body of literature is detailing the community members of coral-associated microorganisms (e.g., Rohwer et al., 2002; reviewed in Bourne et al., 2016b; Hernandez-Agreda et al., 2017) , their functions within the coral (e.g., Apprill et al., 2012; Kvennefors et al., 2012) and influence they may have to the holobiont under environmental stress (e.g., Meyer et al., 2014; R€ othig et al., 2016; Sunagawa et al., 2009; reviewed in McDevitt-Irwin et al., 2017) .
The role of endosymbiotic dinoflagellates associated with coral has been relatively well established; providing Fig. 2 . The coral holobiont is represented by a tri-partite interaction between coral animal, symbiont photosynthetic dinoflagellates (Symbiodinium) and an array of associated microorganisms collectively termed the microbiome. In a healthy state, each member of the holobiont contributes in multiway symbioses maintaining the host health. External factors can shift the coral holobiont into a vulnerable state, with the interaction of potential causative agents and environmental stressors driving onset of disease signs. These interactions can affect each member of the holobiont in different ways, for example shifting the microbiome dynamics, affecting Symbiodinium function or a multitude of host factors.
through photosynthesis up to 90% of the required organic carbon to the host coral (Muscatine and Porter, 1977) , which is vital for growth, reproduction and skeletal deposition (Davy et al., 2012) . Failure to maintain the healthy symbiotic relationship with Symbiodinium causes coral bleaching which manifests as the reduction of symbiont abundance and photosynthetic pigment loss (Jokiel and Coles, 1990) . Often the bleaching response is driven by environmental stress, with exposure to temperatures above or below thermal thresholds as the most common factor in this physiological response (HoeghGuldberg, 1999; Hoegh-Guldberg et al., 2005) . Corals can often recover from short term periods of bleaching, although under long term stress, partial or total colony mortality occurs due to the critical reduction of energy provided by the endosymbiotic Symbiodinium (Jokiel and Coles, 1990) . The recent bleaching events on the GBR provide a stark picture of the impact of these thermal anomalies with recent assessments estimating 29% mortality of corals in shallow waters across GBR and more than 75% mortality of corals in the northern reefs (AIMS Long-term Reef Monitoring Program, 2017; Great Barrier Reef Marine Park Authority, 2017).
The diversity of coral associated bacterial communities have been extensively documented, mostly through molecular based profiling approaches (e.g., Rohwer et al., 2002; Sunagawa et al., 2010; reviewed in Bourne et al., 2016b; Hernandez-Agreda et al., 2017) . The multitude of published studies have reported diverse, often coral species specific, temporally stable and distinct communities between microhabitats within the host as well as the surrounding water column (Bourne and Munn, 2005; Frias-lopez et al., 2002; Littman et al., 2009; Mouchka et al., 2010; Rohwer et al., 2002; Sunagawa et al., 2010; Sweet et al., 2011) . The specific functional role of bacterial communities associated with corals is not well understood, although some consistent pictures are emerging and this is currently an active area of study. It is generally accepted that coral associated Bacteria and some Archaea play important roles in maintaining coral health through heterotrophic provision of nutritional sources for the host (Bak et al., 1998; Sorokin, 1973) , cycling of nitrogen (Shashar et al., 1994; Siboni et al., 2008) , carbon, sulfur (Kimes et al., 2010) and phosphorus (Ferrier-Pagè s et al., 2016; for review see Bourne et al., 2016b) .
The coral holobiont affected by various environmental stressors, especially climate change related temperature anomalies, experiences increase in virulence of disease causative agents, changes in relative abundance and taxonomic composition of the microorganism community members and/or impairment of host defence mechanisms (Harvell et al., 2002; Maynard et al., 2015; McDevitt-Irwin et al., 2017; Fig. 2) . These changes result in shifts within the holobiont relative to the apparently healthy state, and are linked to reduced host coral growth and survivorship, as well as disease occurrences (Guerra et al., 2014; Ritchie, 2006; Teplitski et al., 2016; Zaneveld et al., 2016) . The importance of the changes in microbial communities for host health and stability plus ecosystem resilience have been well studied in other systems such as agriculture and terrestrial soils, although less understood in the marine and coral reef context (Ainsworth et al., 2010; Bakker et al., 2012; Balser et al., 2006; Verbruggen et al., 2012) . While the causative agents of diseases are often difficult to identify, microbial community shifts and disease outbreaks are robust indicators of stressed ecosystems Krediet et al., 2013; McDevitt-Irwin et al., 2017) . Early detection of change is essential for successful ecosystem management (Fabricius and De'ath, 2004) , and is especially important in the era of growing incidences of rapid environmental change and disturbance (but see Pandolfi et al., 2003) .
Historical perspectives of microbial driven coral diseases
The first coral disease described was black band disease (BBD; see Fig. 1B ) in 1973 (Antonius, 1973) . Originally proposed to be caused by a single cyanobacterium, subsequent studies over the last 40 years has characterized BBD as a complex polymicrobial lesion consisting of the dominant cyanobacterium Roseofilum reptotaenium (Casamatta et al., 2012) and an array of other microbial constituents including sulfatereducing bacteria (Desulfovibrio spp.), diverse heterotrophic Bacteria, Archaea, Fungi and other Eukaryotes (reviewed in Sato et al., 2016) . The lesion itself is characterized by anoxic conditions that facilitate sulfide accumulation, a biogeochemical cocktail that is highly toxic for the underlying coral tissues (Carlton and Richardson, 1995; Glas et al., 2012; Richardson et al., 1997; Sato et al., 2016) . Recent molecular studies (e.g., Meyer et al., 2017; Sato et al., 2017) have provided a detailed understanding of the metabolic activities of microbial communities that contribute to BBD pathogenesis: cyanobacterial photosynthetic activity supports high CO 2 -fixation and biosynthesis of organic compounds, which subsequently support growth of heterotrophic bacterial populations. These bacteria fuel oxygen-consuming catabolism which creates the anaerobic microenvironments providing a niche for the anaerobic sulfatereducers that produce high levels of sulfide found within the lesion (Sato et al., 2017) . Of all coral diseases studied to date, BBD represents one case study for which a detailed understanding of microbial community, function and environmental drivers are known. However, there are still many unanswered questions which need further exploration. For example, sedimentation has been suggested as one of the factors leading to onset of the initial lesion which presumably favours growth of the cyanobacteria (Sato et al., 2017; Weber et al., 2012) ; however, Page and Willis (2006) documented no correlation between disease prevalence and distance from terrestrial influences, and thus, it requires field monitoring and/or manipulative experiment for confirmation. Furthermore, differences in host susceptibility to BBD between species are poorly understood, although suggested to be influenced by morphology and immunity of both host and that provided by the holobiont constituents (reviewed in Sato et al., 2016) .
Recurrent bleaching of the invasive coral Oculina patagonica which had colonized parts of the Mediterranean Sea formed a model system for understanding the microbial driven disease processes leading to bleaching in corals (Kushmaro et al., 1996; Rosenberg and BenHaim, 2002) . Vibrio shiloi was identified as the microbial agent involved in the bleaching process through species specific and elevated temperature dependent adhesion, then penetration to the epidermis and intracellular multiplication, followed by release of toxin which causes rapid inhibition of photosynthesis of the Symbiodinium through membrane binding and disruption of the pH gradient (Kushmaro et al., 2001; Rosenberg and Ben-Haim, 2002; Rosenberg and Falkovitz, 2004) . However more recently, observations suggested that O. patagonica has developed resistance to V. shiloi, giving rise to the 'Coral Probiotic Hypothesis' which states that changes in microbial community under various environmental conditions are directed towards the advantage of the holobiont (Reshef et al., 2006) . The hypothesis was further supported when the coral became sensitive to V. shiloi again after an antibiotic treatment, presumably killing off the other bacteria which developed beneficial function of inhibiting the growth of V. shiloi (Mills et al., 2013) . Recently, Peixoto and colleagues (2017) has coined the term 'Beneficial Microorganisms for Corals (BMC)' to address such microorganisms bringing benefits to host health. This coral disease case study has contributed, along with other host/microbiome associations, to the development of the hologenome concept, which postulates that all partners of the holobiont can contribute to evolutionary selection allowing rapid adaptation (Rosenberg et al., 2007; Rosenberg and Zilber-Rosenberg, 2016) . The detailed principles of the theory, complexities and controversies are discussed elsewhere (e.g., Bordenstein and Theis, 2015; Moran and Sloan, 2015) .
Following identification of V. shiloi as a causative agent of coral bleaching in O. patagonica, other studies emerged identifying vibrios as having potential causative roles in coral diseases in multiple locations and species.
V. coralliilyticus was identified as a causative agent for bleaching and lysis of Pocillopora damicornis in the Indian Ocean and Red Sea (Ben-Haim et al., 2003a,b) . Detailed studies revealed that V. coralliilyticus is strongly temperature dependent; between 248C and 268C, the bacterium infects the Symbiodinium causing coral bleaching, and above 268C, the bacterium produces proteases which results in coral tissue necrosis (Ben-Haim et al., 2003b; Rosenberg and Falkovitz, 2004) . Furthermore, yellow band disease in both Caribbean and the Indo-Pacific (Cervino et al., 2008) , WSs in the IndoPacific (Luna et al., 2010; Sussman et al., 2008) , Montipora WS (Ushijima et al., 2012; , Acropora WS in the North Pacific (Ushijima et al., 2016) , WBD type II (Ritchie and Smith, 1998) and dark spots disease in the Caribbean (Gil-Agudelo et al., 2007) were all implied to be caused by either a single Vibrio spp. or the consortium of vibrios. However, particularly in the Indo-Pacific (see Fig. 1A ), WSs is a collective term for white bands of tissue and/or exposed skeleton on corals in the region (Willis et al., 2004) , which suggests the potential for multiple causative agents (reviewed in Bourne et al., 2015) . The complexity of elucidating the diseases such as WSs was recently further detailed by Pollock and colleagues (2017) , which after an 18 month study tracking colonies in the field, found no evidence of apoptosis or infection by Vibrio bacteria, ciliates, Fungi, cyanobacteria, nor helminths, highlighting the causative agent(s) underlying WSs remain elusive. Furthermore, WBD in the Caribbean, which decimated the two dominant branching acroporids to the point they were listed as endangered species through repeated outbreaks, has had confusion over the two types to begin with (WBD type I and II; Sweet et al., 2014) . Type I was originally associated with several Gram-negative bacteria within the family Vibrionacae through a histological study, however, these bacteria were also found on apparently healthy coral tissues (Peters et al., 1983) and were not detected in the later study using sequence-based molecular analyses (Pantos and Bythell, 2006) . Similarly, type II WBD was associated with V. harveyi (charchariae) (Gil-Agudelo et al., 2006; Ritchie and Smith, 1998) , which has not been reisolated since (Sweet et al., 2014) . These examples highlight that many coral diseases have 'candidate' pathogens which are found to be at least associated with the diseases, but yet to be identified as causative (Sutherland et al., 2016) . Munn (2015) reviewed the role of vibrios in diseases of corals specifically focusing on the role of enzymes, resistance to oxidative stress and quorum sensing linked virulence traits associated with this bacterial genus. From the collective studies, not only within corals but also a range of other marine organisms, under appropriate conditions vibrios have the capacity to overcome host defences and cause tissue Disentangling coral disease causation 435 destruction. However, linking the causative agent at the lesion cellular level, and how environmental factors contribute, is often lacking but still a crucial step for determining disease causation and avoiding misleading results which may reflect other micro-environmental dynamics (Work and Meteyer, 2014) (Fig. 3) .
Aspergillosis within sea fans in the Caribbean was a widespread disease through the mid-1990s and early 2000s that manifested as purpling wasting of tissues and impacted gorgonian populations extensively (Kim and Harvell, 2004; Nagelkerken et al., 1997) . Early studies indicated that Gorgonia ventalina and G. flabellum were infected by the fungus Aspergillus sydowii (Nagelkerken et al., 1997) with disease prevalence suggested to be driven by nutrient enrichment from terrestrial run-off (Bruno et al., 2003) and temperature increase (Ward et al., 2007) . However, Toledo-Hern andez and colleagues (2008) later argued that A. sydowii was not the causative agent of the disease, but rather an opportunistic pathogen when the host immune system is compromised. This argument emerged because A. sydowii was only found in the healthy sea fan colonies and not the diseased ones (Toledo-Hern andez et al., 2008) , and was supported due to the nature of the fungus having a wide distribution both in terrestrial and marine environments (Rypien et al., 2008) . Furthermore, many host resistance mechanisms have been found including development of melanin layers, fortification of tissue and defensive enzymes, which can also be induced by other stressors (reviewed in Kim and Rypien, 2015) . Host-pathogen interaction changes over time and in some cases does not necessarily end up as an infection (Kim et al., 2006) , highlighting the difficulty in teasing apart disease causation, as disease response is driven by a combination of immune responses, environmental impacts and pathogen virulence (Ellner et al., 2007) .
Often overlooked are growth anomalies (GAs; see Fig. 1D ), which was reported as a coral polyp affliction Prevalence: Proportion of disease within the population at the time surveyed
Incidence: Rate of occurrence of new cases of disease over set time period Fig. 3 . Schematic flowchart outlining approaches to disentangle coral disease causation incorporating a combination of field observations, laboratory analyses and aquarium-based experiments. Disease outbreaks require extensive field based observations to determine the ecological factors contributing to the epizootic and understanding the consequences of the outbreak on coral populations. Disease lesions derived from field samples require extensive laboratory approaches to systematically provide descriptions of the lesions at multiple levels (tissue, cellular and molecular). Aquarium based manipulative experiments can test aspects related to disease pathogenesis. Information derived from all approaches are required to develop hypotheses that can be validated and tested through approaches such as field based monitoring programs, further manipulative experiments and/or modelling. Ultimately the accumulated evidence is used for informing management practices that mitigate the impacts of disease outbreaks on coral populations.
in the literature prior to the BBD descriptions (Squires, 1965) . GAs include hyperplasia, coral tumours, gigantism or neoplasia (Bruckner, 2015) , and were long assumed to be caused by continuous mechanical damages such as wave actions (Loya et al., 1984) . However, Kaczmarsky and Richardson (2007) demonstrated experimental transmission of GA on Porites spp., and suggested that GA also has a microbial, potentially viral rather than bacterial, causative agent. This claim was supported for GA on Porites spp. by Aeby and colleagues (2011) who inferred that the strong association between GA prevalence and human population size suggests involvement of marine viruses and given that herpes-like viral infection of Porites spp. was induced by multiple environmental stressors in other studies (Vega Thurber et al., 2008; Vega Thurber and Correa, 2011) . Further evidence of virus involvement in GAs was provided recently by Zhang and colleagues (2017) with transcriptome sequencing revealing regulation changes in genes involved in host and/or Symbiodinium viral infection responses. Understanding coral-viral interactions is currently an active field of study, some highlighting the benefits viruses bring to the hosts through potential lateral gene transfer (van Oppen et al., 2009) while others pointing to specific viral groups as potential causative agents (Soffer et al., 2014) or drivers of virulence in bacteria (reviewed in Vega Thurber et al., 2017).
Approaches to understanding the role of microorganisms in coral diseases
Since the first report on coral disease, debate has centred on the role of biotic agents (including Bacteria, Fungi, viruses and others) in disease causation (Sutherland et al., 2004;  Table 1 ). Early studies identified and characterized potential microbial pathogens through microscopic observations of the lesions (Richardson, 1998) . Culture-based approaches aimed at satisfying Koch's postulates have been extensively applied to certain diseases such as white pox disease, white plague type II, aspergillosis and bacterial bleaching (Bruckner, 2015) . However, these traditional approaches have been argued to be challenging especially when applied to corals (for review see Richardson, 1998) and not suitable for polymicrobial diseases or microbial agents that cannot be cultured (Sato et al., 2016) . Culture-independent molecular profiling of microbial communities targeting 16S rRNA gene sequences have also been extensively applied to disease lesions, to identify the microbial community composition associated with the diseased corals and directly compare them to healthy tissues (e.g., Cr oquer et al., 2013; Frias-lopez et al., 2004; Kimes et al., 2010; Meyer et al., 2014; Pantos and Bythell, 2006; Pollock et al., 2017; Soffer et al., 2015; Sunagawa et al., 2009) . In some cases, causation has been inferred based on retrieval of sequences affiliated with previously characterized pathogens. Recently metagenomic, metatranscriptomic and metaproteomic approaches have also been providing unprecedented information on microbial gene content, actively expressed genes and translated proteins within coral disease lesions, further contributing information on roles of microorganisms in the disease processes (e.g., Santos Ede et al., 2011; Burge et al., 2013; Correa et al., 2016; Daniels et al., 2015; Garcia et al., 2016; Sato et al., 2017; Wood-Charlson et al., 2015) . While all approaches have their merits, care should be taken in interpretation of the results, especially the interaction and causation which can only be confirmed through directly linking the agent with the disease lesion at both the gross and cellular levels (Work et al., 2012; Work and Meteyer, 2014) . Histological approaches (Work et al., 2008; Work and Meteyer, 2014) and application of in situ visualization of microorganisms associated with disease lesions (Wada et al., 2016) are therefore still critical in the deductive approaches required to tease apart disease causation (Work and Meteyer, 2014) .
Onset of microbial induced disease is dependent on a number of critical interactions at the cellular level between the host and the causative agent, which is also influenced by the surrounding environment. Our lack of understanding of these interactions has led to confusion and debate including what represents the primary pathogen versus secondary opportunists. For example, Lesser and colleagues (2007) argued that most coral diseases are opportunistic infections where hosts are exposed to physiological stress (e.g., elevated temperature or poorer water quality), and with host resistance reduced, microbial proliferation occurs. However, Work and colleagues (2008) stated that disease is the result of interactions between the vulnerable host, causative agents and the environment, and that putting more weight on the environment is not recommended. Further, Pollock and colleagues (2011) supported this view by stating that differentiating the microbial community as either primary pathogen or opportunists was diversionary. Environment and responses of coral immunity may play a critical role in the overall health; however, coral disease studies should also follow the well-established model of biomedical and veterinary pathology disciplines which is a deductive approach of identification, characterization and pathogenesis of the disease (Bourne et al., 2015; Work et al., 2008 ) (see Fig. 3 ).
The term microbiome is now commonly used to refer to the consortium of microorganisms associated with coral which is concordant with other disciplines such as medicine (Sweet and Bulling, 2017 
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between the normal state of the coral-associated microbial community, the term 'pathobiome' has recently been suggested for use when investigating coral diseases (Sweet and Bulling, 2017) . This term has been introduced as a growing number of studies (not limited to coral), demonstrate shifts in the consortia of microbial communities linked with gross signs of compromised host health, rather than pointing at a single causative agent (reviewed in Vayssier-Taussat et al., 2014) . Certain bacterial groups become more dominant in the pathobiome due to the complex interactions between environmental stress and the coral host (Pollock et al., 2017; Vega Thurber et al., 2009 ). In addition, it has been suggested recently that there is a ubiquitous core microbiome associated with corals that are likely beneficial to host health, together with the functional niche fillers and other highly variable microbial community members Hernandez-Agreda et al., 2016; Peixoto et al., 2017) . While studies identifying microbiome assembly shifts propose to provide answers to recent debates, it is more likely that such studies provide partial argument and further questions to be explored at the cellular levels, rather than a definitive answer to disease causation. Furthermore, care must be taken when describing the normal state of a microbiome, as it has been suggested that the composition of a microbiome or abundance of the associated members also shifts according to the life stage of the coral, neighbouring organisms, seasons or other short term environmental variables such as nutrients and pH Hernandez-Agreda et al., 2016; Lamb et al., 2017; Raina et al., 2010) .
Challenges and future direction to tease apart coral disease causation
The complex nature of the coral holobiont, which relies on the close symbiotic interactions of the host and Symbiodinium to maintain health, in addition to the diverse suite of other microbial partners, provides a challenging system to reveal the roles (if any) of individual microorganisms in shifting the homeostasis into a disease state (Fig. 2) . The endosymbiotic relationship with the Symbiodinium influences the host coral immune response to environmental and microbial factors, and currently there is still much to be elucidated on the immune system of the coral animal. However, recent studies are beginning to provide the foundational information illustrating that cnidarians have a complex innate immune system capable of detecting and eliminating foreign bodies including potential microbial pathogens (reviewed in Bosch and Rosenstiel, 2015) . While these coral immune system and signalling pathways (Palmer and Traylor-Knowles, 2012; Toledo-Hern andez and Ruiz-Diaz, 2014) , as well as et al., (2017) 'Potential pathogen(s)' lists any agent reported associated with a disease lesion in previous studies.
a. Disentangling coral disease causation 439 other primary defence mechanisms such as programmed cell death (Ainsworth et al., 2007) are slowly being revealed, the current knowledge of specific roles in response to microbial challenge and onset of coral diseases at the cellular level are still limited (see Table 1 ). As further genomic based resources become available for specific coral species, these innate immune pathways will be elucidated and experimental studies designed to test both their susceptibility and resilience to environmental and microbial challenges (van de Water et al., 2015a,b,c) . The metabolic pathways for obtaining energy and sharing resources within the coral holobiont are also being informed through genomic-based studies (ReFuGe 2020 Consortium, 2015 . How these shared metabolic pathways are destabilized through environmental pressures will be critical for elucidating break points that may shift mutualistic and/or commensal microbes into pathogenic or opportunistic pathogens contributing to lowered coral health or even disease states. The dynamic role of Symbiodinium in structuring the coral microbiome needs further elucidation. Much of the photosynthates produced by the algal partner are passed to the coral host which is then processed into mucus production (up to 45% of the fixed carbon; Brown and Bythell, 2005; Davies, 1984; Edmunds and Davies, 1989; Grottoli et al., 2006; Palardy et al., 2008) . This surface mucus layer protects corals from sediment and other pollutant loads, UV radiation and desiccation, and enables competition for space (Chadwick, 1988; Drollet et al., 1997; Krupp, 1984; Sleigh, 1989) . However, some of the important services that mucus plays in coral health are yet to be clarified, including its specific role in defence against pathogens and disease development (reviewed in Brown and Bythell, 2005) . Ritchie (2006) revealed that A. palmata mucus had antibiotic properties which potentially structure the coral-associated microbial community. Furthermore, the bacterial community which the mucus still harboured despite the existence of antibiotics, also showed antibiotic activities, implying the beneficial roles of the remaining bacterial community in coral health (Ritchie, 2006) . Lee and colleagues (2016) recently suggested that various types of sugar are responsible for antibiotic properties of the mucus under higher temperatures, showing correlations between sugar content decrease and increase in relative abundance of certain groups of bacteria. Symbiodinium also produce large amounts of dimethylsulfoniopropionate (DMSP) which is an integral organic sulfur source to various marine life and has been implicated in structuring coral-associated bacterial communities Johnston et al., 2012; Raina et al., 2010) . Raina and colleagues (2016) identified an antimicrobial compound, tropodithietic acid (TDA), produced through bacterial mediated DMSP metabolism by the coral derived bacterial strain Pseudovibrio sp. P12, and suggested a potential role in modulating coral microbiomes and disease prevention. However, other studies have suggested that potentially harmful coral-associated bacteria could utilize DMSP, becoming more competitive than the other bacterial groups (Krediet et al., 2013) and the coral pathogen V. coralliilyticus was shown to use DMSP as a chemical cue to target heat stressed corals (Garren et al., 2014) . In addition, exposure to elevated temperature, UV irradiation and combinations of both are known to lead to production of reactive oxygen species (ROS) mainly in the symbiont chloroplasts, which cause photoinhibition, resulting in compromised coral health and bleaching (Lesser, 1997; Lesser et al., 1990; Tchernov et al., 2011) . ROS is also known to damage lipids, proteins and DNA contributing to reduced coral health and therefore disease aetiology (Lesser, 2006) . Further, viral infection in the Symbiodinium induced by elevated temperature has been observed (Cervino et al., 2004; Davy et al., 2006; Wilson et al., 2001 ) which may destabilize the coral holobiont manifesting as disease signs.
Additional challenges with teasing apart disease causation in corals relate to the limited gross morphological signs that the host animal displays. Currently documented diseases are reported as varieties of discoloration, growth anomalies or tissue loss (Work and Rameyer, 2005) and lesions with similar macroscopic visual signs on the same species could be caused by different causative agents (Sutherland et al., 2016) . This is further complicated by the fact that marine systems are remote and coral disease studies are often snapshots of the situation, making it difficult to follow the progression from before, during lesion initiation and mortality in natural systems (Bourne et al., 2016a) . For example, studies that document disease characteristics at the late stage of manifestation likely miss macroscopic signs of early lesion progression which can further mask the actual underlying causative agents. Willis and colleagues (2004) attempted to avoid confusion associated with multiple disease names describing lesions displaying similar macroscopic sings of tissue loss in the Indo-Pacific by grouping diseases displaying patterns of tissue loss with unknown aetiology under the collective term 'white syndromes (WSs)'. Rigorous description at the morphological, microbial and cellular levels using available classification schemes (Downs et al., 2005; Work and Aeby, 2006; Work et al., 2012; Fig. 3) can then allow for erection of more specific names once these standardized criteria are met (Bourne et al., 2015) . Such clarity will subsequently help to facilitate field-based research which focuses on disease distribution, frequency and impact on the reef ecosystem (Bruckner, 2015) (see Fig. 3 ).
Controlled aquarium challenge experiments offer a valid approach to tease apart potential microbial causative agents and contributing environmental factors involved in lesion onset and disease progression. Such approaches have proved effective in many coral disease studies e.g. (Bruno et al., 2003; Gignoux-Wolfsohn et al., 2017; Patterson et al., 2002; Ushijima et al., 2016; Voss and Richardson, 2006; Welsh et al., 2017) and will continue to be a vital tool to underpin our understanding of the complex multifactorial processes involved in coral diseases. However, limitations also exist and need to be considered when designing and conducting such experiments. For example, the sampling of coral and transport to aquarium-based tanks can quickly alter the microbiome of the corals (Ainsworth and HoeghGuldberg, 2009; Morrow et al., 2017) . In addition, such sampling and transplantation work could compromise the immune systems of coral, lowering resilience and potentially facilitating increased infection from opportunistic pathogens that may have no primary role in disease causation in the field (Sheridan et al., 2013; Sweet et al., 2012) . Furthermore, factoring in the environmental stressors complicate manipulative experiments, with adequate sample sizes and replication essential. Environmental stressors in the ocean most often occur simultaneously, interacting with each other to cause combined or synergized impacts to coral health (Ban et al., 2014; Crain et al., 2008; Vayssier-Taussat et al., 2014) . Stressors which have been suggested as drivers of coral diseases include water temperature changes (Maynard et al., 2015; Roff et al., 2011; Ward et al., 2007) , ocean acidification represented by lowered pH (Meron et al., 2011; Vega Thurber et al., 2009) , contact with macroalgae (Morrow et al., 2017; Vega Thurber et al., 2012) , elevated nutrients (Furby et al., 2014; Vega Thurber et al., 2014) , terrestrial runoff and resuspended sediments (Al-Moghrabi, 2001; Pollock et al., 2014; Weber et al., 2012) , salinity (R€ othig et al., 2016) , overfishing altering fish abundance and functional diversity (Raymundo et al., 2009) and human recreational activity such as fishing and scuba diving van de Water et al., 2015b) . Experiments only focusing on a few are difficult to rule out the possibility of influences from others. Therefore, while disease causation maybe implicated in experimental systems, the results could be misleading unless it is also confirmed in a natural system. Therefore, ecological-based approaches should always be combined with histological and cytological evidences to confirm the role of microbial invasion in coral disease in both controlled aquarium experimental and natural systems (Bourne et al., 2015; 2016a; Work and Meteyer, 2014) (Fig. 3) .
Conclusions
Microorganisms have been studied for centuries for their crucial roles in pathological processes, nutrient cycling and more recently for their phylogenetic relationship and interactions with the other biological domains (McFallNgai et al., 2013) . Reef-building coral species are no exception in harbouring diverse microbial communities with highly important roles and complex interactions, and yet understanding the mechanisms in which such communities shift to play part in declining host health are seeing slow progress. To disentangle epizootics and aetiologies of coral diseases, deductive and multidisciplinary approaches including established biomedical and advancing genetic and immunological methodologies are required (Bourne et al., 2015; Burge et al., 2016; Sweet and Bythell, 2017; Work and Meteyer, 2014) . Accurate identification and systematic descriptions, both at gross and cellular levels (Work and Aeby, 2011) , are critical first steps in teasing apart disease causation. Manipulative experiments will allow understanding of pathogenesis and utilizing analysis tools from other systems (for review see Sweet and Bulling, 2017) will aid visualization and interpretation of complex interactions between the host, microbiome and environment (Figs 2 and 3) . Given that corals are engineers of and foundational to reef ecosystems, diseases that could potentially decimate local populations to nearly extinction level (e.g., acroporids in the Caribbean) have amplifying effects other than the loss of species, and have critical implications in management and conservation policies for these valuable ecosystems (Jones et al., 1994; Wild et al., 2011; Work and Meteyer, 2014) . For successful management of disease outbreaks, prediction or early detection, rapid and accurate diagnosis and mitigation strategies are essential (for reviews see Beeden et al., 2012; Burge et al., 2014; Groner et al., 2016) . Management of outbreaks is challenged by the fact that there are more than 800 reef-building coral species, and interactions within the holobiont could be highly species specific, leading to varying disease susceptibility and mitigation effectiveness across species (Carpenter et al., 2008; Peters, 2015; Roder et al., 2014) . However, progress is being made in developing predictive tools (e.g., for WS and BBD; Chen et al., 2017; Maynard et al., 2011; , diagnosis (Burge et al., 2016) , and active intervention (e.g., selective breeding of host, phage therapies to known pathogens; Atad et al., 2012; Efrony et al., 2007; Groner et al., 2016; is an emerging field of study. While reef restoration and assisted recovery interventions are valid approaches, they are only part of the picture in reversing the alarming declines in coral reef health globally. Reducing the imposed stressors through local pollution Disentangling coral disease causation 441 control, better coastal management and global climate change mitigation will give the best outcomes (as reviewed by Groner et al., 2016) . Understanding the causative agent(s), the host system and the interacting links with the environmental can underpin development of successful management strategies for disease outbreaks (Maynard et al., 2011; , and this information is also vital to ensuring the long-term resilience of coral populations. 
